This study characterized the profiles of particles collected during a dust-storm (DS) period in Beijing on 19-21 March 2002, which was one of the heaviest episodes in the previous decade.
INTRODUCTION
In North and Northwest China, East Russia, and Mongolia there are a variety of environmental systems, such as hyper-arid, arid, and semi-arid areas where dust storms occur frequently. Dust storms, a kind of severe natural disaster in dust source regions (Fang et al., 1997; Ye et al., 2000) , have a negative impact on air quality, human health, and industrial products and activities (Prospero, 1999; Chung et al., 2003a; Wang et al., 2005) . Great economic losses result from dust storms every year. A great amount of dust is produced by wind storms and transported to the east and Pacific regions Zhang et al., 2000) . Dust particles, a main source of atmospheric aerosols, greatly influence ecosystems, environment, climate, and weather in the extended downstream areas (Iwasaka et al., 1983 (Iwasaka et al., , 2003 Tegen and Fung, 1994; Sokolik et al., 2001; Zhang et al., 2004) . Dust storms are widely recognized as one of the issues in the intercontinental transport of pollutants (Zhang et al., 1997; Chun et al., 2001a; Gong et al., 2003) . In order to understand the effects of dust particles on the atmospheric environment and climate, it is important to investigate the concentrations and size distributions of dust particles when a dust storm occurs (Kanai et al., 2002; Shen et al., 2005) .
During 2000-2002, sand and dust weather events occurred frequently in North China, which resulted in negative impacts on traffic, air quality, and people's daily life in local and downstream areas (Ye et al., 2000; Zou and Zhang, 2003) . During 19-21 March 2002, a heavy dust storm in North China struck Beijing on the 20th reducing visibility to less than 200 m. According to duststorm classifications (Yoshino, 2000; Zhou, 2001) , it can strictly be called a "heavy dust storm." This paper reports on the mass concentration, size-segregated concentration, number concentration, dry deposition flux, and ion concentration of this dust storm, based on groundbased observation. The storm's origin was determined by the backward trajectory analysis method. The objective of this paper is to provide reliable dust storm observation data for estimating the flux of Asian dust transportation from source areas to downstream areas, and to validate dust transport and prediction models.
METHODOLOGY
The sampling site was located on the roof of a building in Beijing, 8 m above the ground. A high-volume air sampler (HV-1000F) manufactured by SIBATA Scientific Co., Ltd. was used to collect total suspended particles (TSP). PF040 polyflon filters (25 cm 20 cm) manufactured by Advantec Co., Ltd were used. The volumetric air flow rate was 1 m 3 /min. A low-volume air sampler (Andersen, , manufactured by Shibata Scientific Co., Ltd., was also employed. The flow rate was maintained at 28.3 L/min to achieve ideal size separation. The Andersen sampler has eight stages and a backup filter. The particle size discrimination is as follows: > 11, 11-7.0, 7.0-4.7, 4.7-3.3, 3. The filters before and after sampling were stored under a fixed temperature (2 ) and relative humidity (37%) condition for over 24 hours and then weighed with a LAC214 balance manufactured by Changsu Balance Factory, China, with a resolution of 10 -4 g. The BCJ-1 optical particle counter (OPC) made in Suzhou, China was used to measure the size distributions of the aerosols. This counter measured six channels of aerodynamic diameters as follows: 0.3-0.5, 0.5-0.7, 0.7-1.0, 1.0-2.0, 2.0-5.0, and > 5.0 m. The volumetric air flow rate was 2.83 L/min. The OPC instrument was calibrated before observation, and detailed descriptions were presented in Zhang et al. (2001) . and NH 4 + was 3.2%, 4.5%, 6.1%, and 2.8%, respectively. Before ion analysis, standard solution and blank tests were conducted and standard curves were plotted for real sample analysis.
RESULTS AND DISCUSSION

TSP variation during the dust storm
The severe dust storm (DS) reached Beijing on 20 March 2002. At 0915 LST, the sky turned yellow and was permeated with a soil taste. By 1000 LST, visibility was less than 1000 m and about an hour later (1100 LST), visibility was down to 200 m and the sky became a red, soil-like color. After 1500 LST, the dust storm began to decay and visibility improved to 800 m. During the high peak period (1050 to 1530 LST), the results obtained from the high-volume sampler indicated that the mass concentration of TSP reached 12 mg/m 3 , which was approximately 40 times the daily average of TSP standards issued by the China Environment Protection Administration (China EPA). During a previous severe dust storm on 6 April 2000 in Beijing, the TSP mass concentration in the city reached only ~ 6 mg/m 3 (Zhuang et al., 2001; (Chung et al., 2003b) . 11 m during the DS period. The mass concentrations of coarse particles and fine particles in DS period were 7.8 and 1.2 times higher than those in non-DS days, respectively. Coarse particles (> 2.1 m) accounted for 91% of the total in DS period and 61% on non-DS days. It is apparent that the coarse particles (> 2.1 m, even in the range of 7-11 m) dominate in mass concentration of particles during the dust period. The particle mass concentrations similarly showed a peak value in the range of 2.1-7 m for the same event in Qingdao (36 6 N , 120 19 E), located on China's eastern seashore, downstream of Beijing (Fig. 2) . Kanai et al. (2002) reported that the mass concentration of particles in dust-storm season in Japan usually had peak values in the range of 4-5 m. Because of gravity settling, not only will the concentration decrease, but also the diameter range of peak values will become smaller in areas downwind of Beijing during DS periods. Although the overall number concentrations of fine and coarse particles were higher than during the non-dust period, the coarse particle concentration was higher than fine particle concentration. sampler were in good agreement with the number concentration from the optical particle counter. Observations from the optical particle counter indicated that the number concentrations of coarse particles (d > 2 m) were about 20 times as much as those after the dust storm, while the number concentrations of fine particles (d < 2 m) were only seven times as much as those after the dust storm . Thus, the 20 March 2002 dust storm event was much heavier than the 6 April 2000 dust event in Beijing.
Size distribution of mass concentrations
Dry deposition flux over Beijing
Dry deposition fluxes of particles were also collected during the observation period from Korea (Yi et al., 2001) . It was much higher in Beijing than in Korea due to weight deposition during transport of dust particles.
Fig. 4. Seasonal variation of dry deposition of atmospheric aerosols in Beijing.
Origin of dust storm on 20 March 2002
A 48-hour calculation of three-dimensional backward trajectories was made using the NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model with FNL meteorological database from 0400 UTC, 20 March 2002 (1200 LST in Beijing). The FNL archive data is generated by the National Center for Environmental Prediction (NCEP) Global Data Assimilation System (GDAS) wind field reanalysis. Further information on the FNL meteorological database can be found at http://www.arl.noaa.gov/ss/transport/archives.html as shown in Fig. 5 . The backward trajectory analysis shows that the air mass which caused the heavy dust storm over Beijing came from Kazakhstan and Xingjiang Province, China, passing through southern Mongolia, central Inner Mongolia, Shanxi Province, and then to Beijing. This result is consistent with recent research results by Wang et al. (2004) . This pathway was the most important one contributing to Beijing's high aerosol concentration in dust events in the spring. Fig. 5 also shows that when the air mass passed over southern Mongolia and central Inner Mongolia, where considerable desert and semi-desert areas exist, its altitude turned out to be lower than 1.5 km, making it easier to inject particles from the ground level into the air. This implied that the dust storm over Beijing originated from southern Mongolia and central Inner Mongolia, which was further confirmed by the dust model simulation (Sugimoto et al., 2003) . When the air mass passed through Shanxi Province, an industrial area in China, its altitude turned out to be below 500 m. Dust particles could then be mixed with anthropogenic aerosols at the ground level during their transport over Shanxi Province. Results from backward trajectory analysis strongly indicated that the origin of dust storms over Beijing came from long-range transport. times as those before the dust period. Higher concentrations of nitrate and sulfate in dust period may suggest aerosols were influenced by the anthropogenic sources during the transport process . Back trajectory analyses in Fig. 5 indicates that the air containing dust particles had passed over the northwest of Beijing-Shanxi Province where many large coal mines are located. Therefore, the mixing of materials emitted from the anthropogenic source, such as coal mines, with the desert dust might be a possible explanation for high concentration of Cl , NO 3 , SO 4 2 , and NH 4 + . These results also concurred with previous study of a dust storm of 6 April 2000 in Beijing (Zhuang et al., 2001) . Moreover, significant increases of water-soluble ions for particles were observed in the spring in Taiwan District during the dust period of 2002 (Yuan et al., 2004) . March. This is the highest value ever reported in Beijing, and one infrequently reported for dust source regions. During this dust storm, the size distribution of mass concentration and number showed a characteristic increase especially in the coarse particle size range. The mass concentration of coarse particles (> 2.1 m) accounted for 91% of the total in the dust period and 
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